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Geosynthetic-reinforced load transfer platforms are commonly used in constructions over column-reinforced soft soils and correspond to
modiﬁcations of conventional granular load transfer platforms that utilise only the arching effect of the granular soil to transfer the loads onto the
columns. Both a single geosynthetic layer and several geosynthetic layers can be used to reinforce the granular soil of a platform. Most of the
studies published in the literature address the use of single geosynthetic-reinforced platforms, while there is a lack of studies on multilayer
geosynthetic-reinforced platforms. In the present study, to help overcome that lack, a jet-grout column-reinforced soft soil foundation with a
platform that incorporates ﬁve geosynthetic layers is analysed. A parametric study is also performed in order to analyse the inﬂuence of four key
factors. A numerical code based on the ﬁnite element method is used, incorporating a fully coupled analysis and soil constitutive relations
simulated by the p-q-θ critical state model. The study mainly shows that a larger number of geosynthetic layers within the platform brings about
better geotechnical behaviour of the column-reinforced soft soil foundation in terms of the settlement and the load transfer onto the columns.
& 2016 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Construction over soft soils has rapidly increased worldwide
during the last decades, mainly due to the increasing lack of
suitable ground for infrastructures and other works, related to
the rapid rise in population and associated developmental
activities. Soft soil deposits have low bearing capacity as well
as excessive settlement characteristics; this implies that geo-
technical engineers face several challenges when designing
works on such soils: (i) the low shear strength of the soft soils
signiﬁcantly limits the load magnitude that is possible to apply
with adequate safety for short-term stability; (ii) the high10.1016/j.sandf.2016.01.005
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der responsibility of The Japanese Geotechnical Society.deformability and low permeability of soft soils provoke high
settlements that develop slowly as excess pore pressure dis-
sipates (consolidation).
A variety of techniques can be used to overcome the above
concerns. The techniques commonly used are: (i) reinforcement
with geosynthetics (Rowe, 1984; Borges and Cardoso, 2001,
2002), (ii) total or partial replacement of the soft soils with
granular materials, (iii) preloading to improve the soft soils, (iv)
stage construction of the embankment, (v) the use of pre-
fabricated vertical drains to accelerate ground consolidation
(Borges, 2004; Shen et al., 2005), (vi) the use of light-weight
materials for the embankment to alleviate stress in the subsur-
face soil and (vii) the application of pile/column-reinforced
foundations.
The major advantage of the column-reinforced technique in
soft soils is its rapid construction and very low settlement.Elsevier B.V. All rights reserved.
J.L. Borges, M.S. Gonçalves / Soils and Foundations 56 (2016) 57–7258Constructions of column-supported embankments have been
reported in the bibliography. Reid and Buchanan (1984)
mentioned that this technique, with concrete piles, was used
to prevent differential settlements between an approach embank-
ment, constructed over soft soil, and a bridge abutment,
supported by long piles. A similar construction with soil-
cement mixing columns was reported by Lin and Wong (1999).
For the different methods that involve column-supported
constructions, a layer can be used to bridge over the soft soil
area. Fig. 1 shows different types of load transfer platforms
(LTP) for embankments on soft soil (Abdullah, 2006), namely,
conventional unreinforced granular LTP, reinforced concrete
(rigid) LTP, catenary LTP (one or two layers of geosynthetics),
and beam LTP (three or more layers of geosynthetics, which
form a ﬂexible beam of reinforced soil).
Geosynthetic-reinforced LTPs are a modiﬁcation of the
conventional granular LTPs that utilise only the arching effect
of the granular soil to transfer the loads onto the columns. The
inclusion of geosynthetics is expected to improve the transfer
of loads to the top of the columns. A single geosynthetic layer
behaves as a tensioned membrane (catenary behaviour), while
a multilayer system acts as a stiffened platform due to the
interlocking of the reinforcements with the surrounding soil.
It should be noted that the column-reinforced technique in
soft soils is used in practice not only for the foundations of
embankments, but also for the foundations of other types of
constructions, for example, concrete reservoirs, industrial
buildings and other low buildings, founded through a concrete
mat-slab on top of the LTP. A case history of an industrial
building founded on a multilayer geosynthetic-reinforced
platform over jet-grout column-reinforced soft soils was
reported by Neves et al. (2004).Fig. 1. Different types of load transfer platforms (LTPs) (Abdullah, 2006): (a) c
(c) catenary LTP (one or two layers of geosynthetics) and (d) beam LTP (three orMost of the studies on geosynthetic-reinforced LTPs pub-
lished in the literature correspond to the solution of the
catenary LTP (one geosynthetic layer at the LTP base) when
embankments are constructed (Liu et al., 2007; Blanc et al.,
2014; Zhuang et al., 2014; Ariyarathne et al., 2013; Eskisar et
al., 2012; Van Eekelen et al., 2012a, 2012b, 2013). However,
for the solution of the beam LTP (three or more layers of
geosynthetics), a lack of studies can be found in the literature,
mainly when the construction is not an embankment, despite a
few studies that have numerically analysed the solution with
three layers of geosynthetics (Huang et al., 2005). In the
present study, in order to help overcome this lack, the
geotechnical behaviour of a jet-grout column-reinforced soft
soil, with a load transfer platform incorporating ﬁve geosyn-
thetic layers, is analysed, on which a concrete mat-slab is
constructed as the foundation of a low building (Fig. 2).
Therefore, this study involves two characteristics that are
usually not presented in studies published in the literature:
(i) the use of a multilayer geosynthetic-reinforced platform and
(ii) the construction of a low building, not an embankment, on
an LTP through a concrete mat-slab.
A numerical code based on the ﬁnite element method is used.
A parametric study is also performed in order to analyse the
inﬂuence of four factors: the number of geosynthetic layers, the
column spacing pattern (secant or spaced columns in the long-
itudinal direction), the elastic modulus of the column and the
tensile stiffness of the geosynthetics. Load transfer, settlement,
excess pore pressure, effective stress, stress level and tension in
the geosynthetics are analysed. An overall efﬁciency coefﬁcient is
also introduced which corresponds to the ratio of the sum of the
loads applied in all columns to the total load applied on the top
surface of the soft soil and the columns (base of the LTP).onventional unreinforced granular LTP, (b) reinforced concrete (rigid) LTP,
more layers of geosynthetics).
Fig. 2. Schematic representation of the problem: (a) cross section and (b) plan of the columns.
J.L. Borges, M.S. Gonçalves / Soils and Foundations 56 (2016) 57–72 59The computer programme was developed by Borges (1995)
and incorporates, among other features, a fully coupled
analysis (Biot consolidation theory) (Borges, 1995; Borges
and Cardoso, 2000; Lewis and Schreﬂer, 1987; Britto and
Gunn, 1987) and the p-q-θ critical state model for a soil
constitutive behaviour simulation (Borges, 1995; Borges and
Cardoso, 1998; Lewis and Schreﬂer, 1987). The initial version
of the program was presented in 1995, and several improve-
ments were thereafter developed, including a 3D coupled
analysis version (Borges, 2004).
In the p-q-θ model, which is an extension of the Modiﬁed
Cam-Clay model into the three-dimensional stress space using
the Mohr–Coulomb failure criteria, the parameter that deﬁnes
the slope of the critical state line, M, is not constant (which
happens in the Modiﬁed Cam-Clay model), but depends on
angular stress invariant θ and effective friction angle ϕ0, as
follows:
M ¼ 3 sin ϕ
0
ﬃﬃﬃ
3
p
cos θþ sin ϕ0 sin θ ð1Þ
This deﬁnes the Mohr–Coulomb criteria when M is introduced
into the equation for the critical state line
q¼M:p ð2Þ
where p is the effective mean stress and q is the deviatoric
stress.
The ﬁnite element program has been validated against ﬁeld
measurements and used to analyse a wide range in geotechnical
structures involving consolidation (Borges, 1995, 2004, 2008;
Borges and Cardoso, 2001, 2002; Costa, 2005; Domingues,
2006; Costa et al., 2007). Borges (1995) compared the numerical
and ﬁeld results of two geosynthetic-reinforced embankments,
one constructed up to failure (Quaresma, 1992) and the other
observed until the end of consolidation (Yeo, 1986; Basset,
1986a, 1986b). The accuracy was considered adequate in both
cases. With regard to constructions on soft soils reinforced with
vertical inclusions, very good agreements with ﬁeld measure-
ments were observed for an embankment on soft soil incorpor-
ating stone columns (Domingues, 2006) and in a case history
presented by Liu et al. (2007) of a geogrid-reinforced and pile-supported embankment, whose ﬁeld monitored data were also
used for comparison with the numerical results. Other studies on
geosynthetic-reinforced and jet-grout column-supported embank-
ments were also performed using the same ﬁnite element
program with very good results (Marques, 2008; Caramelo,
2011; Gonçalves, 2012).2. Description of the problem
The problem consists of soft clay reinforced with jet-grout
columns. A load transfer platform (LTP), 1.5 m in height and
made of granular material (embankment), was reinforced with
ﬁve layers of geosynthetics (spaced at 0.30 m). On this
platform is a reinforced concrete mat-slab, 0.4 m in thickness,
modelled as the foundation of a low building. A load of 20 kPa
is considered to be applied by the superstructure of the low
building on top of the mat-slab. Fig. 2 shows a schematic
representation of the cross section of the problem as well as a
plan of the columns, which are secant in the longitudinal
direction and spaced at 4.1 m in the transversal direction.
The soft ground is 8.5-m-thick soft clay lying on a rigid and
impermeable stratum (lower boundary). The water level is at the
ground surface and the columns are arranged in order to form 1.1-
m-thick walls in the longitudinal direction, as illustrated in Fig. 2.
A review of the constructed geosynthetic-reinforced and pile-
supported earth structures indicated that the typical pile spacing
used in these projects ranged from 1.5 to 4.5 m (Han, 1999).
The LTP (a granular platform reinforced with ﬁve geosyn-
thetic layers) is undertaken in a total time of 17.5 days (2.5
weeks) at a uniform rate. The LTP construction is sequentially
followed by the construction of the mat-slab (undertaken in
one week at a uniform rate) and the application of the
superstructure load of 20 kPa. This load is also incrementally
applied at a uniform rate for a period of 6 months, remaining
constant after that stage.
Fig. 3a illustrates the ﬁnite element mesh of the problem. A
plane strain analysis is performed, since a large longitudinal
length is supposed for the problem. Two types of six-node
triangular elements are used in the soil: (i) the coupled
Fig. 3. (a) Finite element mesh of the problem and (b) displacement boundary conditions.
Table 1
Properties of the soft clay and embankment ﬁll.
λ k Г ϕ0 (deg) ν0 N γ (kN/
m3)
k (m/s)
Soft clay 0.22 0.02 3.26 30 0.25 3.40 17 109
Embankment ﬁll 0.03 0.005 1.80 35 0.30 1.817 20 –
J.L. Borges, M.S. Gonçalves / Soils and Foundations 56 (2016) 57–7260element, for the clay and the jet-grout columns, where
consolidation is considered, and (ii) the non-coupled element,
for the embankment ﬁll and the reinforced concrete mat-slab.
All six nodes of the coupled element have displacement
degrees of freedom, while only the three vertex nodes have
excess pore pressure degrees of freedom. The six nodes of the
non-coupled element have only displacement degrees of
freedom.
Regarding the boundary conditions (Fig. 3b), no horizontal
displacement is allowed on the vertical boundaries of the mesh,
while the bottom boundary is completely ﬁxed in both vertical
and horizontal directions. The left vertical boundary corre-
sponds to the symmetry plane of the problem. In hydraulic
terms, the excess pore pressure is set at zero at the top surface
of the clay, which corresponds to the drainage surface of the
problem. A fully coupled analysis is performed both during
and after the construction period.
The constitutive behaviour of the soft clay and the embank-
ment ﬁll is modelled by the p-q-θ critical state model (Borges,
1995; Borges and Cardoso, 1998; Lewis and Schreﬂer, 1987).
The parameters are indicated in Table 1, namely, λ: slope of
the normal consolidation line and the critical state line, k: slope
of the swelling and recompression line, Γ: speciﬁc volume of
the soil on the critical state line at a mean normal stress equal
to 1 kPa and N: speciﬁc volume of the normally consolidatedsoil at a mean normal stress equal to 1 kPa. Table 1 also shows
other geotechnical properties, namely, γ: unit weight, ν0:
Poisson's ratio for drained loading, ϕ0: angle of friction deﬁned
in effective terms and k: coefﬁcient of permeability. The values
for the over-consolidation ratio (OCR) and for the at-rest earth
pressure coefﬁcient of soft clay are shown in Table 2. All
values for these parameters were adopted taking into account
the typical values reported in the bibliography for this kind of
soil (Lambe and Whitman, 1969; Borges, 1995).
A tensile stiffness of 6000 kN/m is adopted for the
geosynthetic, modelled with bar elements. The jet-grout is
considered with an elastic modulus of 150 MPa (similar to that
mentioned by Jaritngam (2003) for jet-grout columns con-
structed in a soft soil), a Poisson’s ratio of 0.2 and a coefﬁcient
of permeability of 2 1010 m/s. The reinforced concrete of
the mat-slab takes an elastic modulus of 18 GPa, a Poisson's
ratio of 0.2 and an unit weight of 25 kN/m3.
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Figs. 4 and 5 show the distributions of excess pore pressure
at several stages of the construction and post-construction
periods, respectively. During construction, due to the practi-
cally undrained loading of the soft soil (except near the upper
drainage boundary), the excess pore pressure increases, the
maximum value of 25.5 kPa being reached at the end of the
LTP construction (2.5 weeks), which corresponds to 85% of
the weight of the 1.5-m-high geosynthetic-reinforced granular
platform (30 kPa). On the other hand, at the end of the mat-
slab construction, the maximum value for the excess pore
pressure reaches 31.3 kPa, 78.2% of the sum of the weights of
the LTP and the mat-slab (40 kPa). At the end of the total
application of the 20 kPa superstructure load (6 months after
the mat-slab construction), the ratio of the maximum excess
pore pressure (41.9 kPa) to the total applied load (60 kPa)
decreases to 69.8%. This reduction is directly related to the
period of 6 months for the application of the 20 kPa load, a
much longer period than that for either the LTP or the mat-slabTable 2
At-rest earth pressure coefﬁcient (K0) and over-conso-
lidation ratio (OCR) of the soft clay.
Depth (m) K0 OCR
0–1 0.7 2.43
1–1.8 0.7–0.5 2.43–1
1.8–8.5 0.5 1
Fig. 4. Excess pore pressure (kPa) at several stages during the construction perio
construction) and (c) 6 months plus 3.5 weeks (load of 20 kPa totally applied).construction (2.5 and 1.0 weeks, respectively), which deter-
mines that a more signiﬁcant effect of consolidation takes
place during this last stage of loading.
After the loading process (Fig. 5), the excess pore pressure
dissipates until, at the end of 2 years, variations in excess pore
pressure are not observed in the coloured distribution.
As the dissipation of excess pore pressure takes place, the
vertical effective stress increases, mainly in the jet-grout
columns, as shown in Fig. 6. Long-term principal effective
stresses, at the end of consolidation, are also depicted in Fig. 7.
This ﬁgure clearly shows the mechanisms of load transfer
(arching effect) that occur both within the reinforced granular
platform and within the soft soil (load transfer from the soft
soil to the lateral surfaces of the columns, mainly at low
depths), through the rotation of the principal effective stresses.
It should be pointed out that very low stress is applied on the
column near the embankment toe (column 5), in response to
the loading process of the construction, as shown in
Figs. 6 and 7. Essentially, this is due to the horizontal
reinforcement of the ﬁve layers of geossynthetics. The max-
imum bending moment of column 5 was calculated from the
FEM results. The value of 12.8 kN m/m, a very low value,
was obtained at the end of consolidation. The corresponding
maximum tensile stress of the jet-grout obtained in the FEM
analysis was 21.4 kPa, also a very low value and signiﬁcantly
lower than the tensile resistance of this material. Values higher
than 200 kPa are usually indicated in the literature for the
tensile resistance of jet-grout (Carreto, 1999). Therefore, the
elastic model for the jet-grout is revealed to be adequate for the
present study.d: (a) 2.5 weeks (end of LTP construction), (b) 3.5 weeks (end of mat-slab
Fig. 5. Excess pore pressure (kPa) at several stages during the post-construction period: (a) 8 months, (b) 1 year and (c) 2 years.
Fig. 6. Increments in vertical effective stress (kPa) at the end of consolidation.
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uniformity of the columns, depend on a number of factors,
such as the initial properties of the soil, the type of jet-grouting
system and its constructive parameters (pressure and velocity
of the air, water and cementing grout, the velocity of the
uprising movement and the rotation of the tube) (Borges and
Guerra, 2014). The constructive parameters of the jet-grout are
usually adjusted in the work through ﬁeld tests, laboratorial
tests and the observation of test columns, in order to ensure the
quality of the jet-grout columns, as required in the design.
Tension in the geosynthetics at the end of consolidation is
depicted in Fig. 8. This ﬁgure shows that the geosynthetic at
the base of the LTP works contrarily to those of the upper
layers, i.e., zones of higher and lower tensions invert, which is
in consonance with the behaviour of the LTP as a beam, as
expected. Taking into account that the geosynthetics work as
reinforcements of a ﬂexible beam which is mainly supportedon the columns, positive bending moments occur between the
columns (higher tension at the lower geosynthetic layer), while
negative bending moments occur above the columns (higher
tension in the upper geosynthetic layers), as also concluded by
Huang et al. (2005).
Figs. 9 and 10 show coloured maps of the stress levels in the
ground at several stages, during and after the construction
period, respectively. Stress level SL measures the proximity to
the soil critical state and is deﬁned as follows:
SL¼ q
pM
ð3Þ
where p, q and M have the meanings mentioned in Section 1.
In normally consolidated soils, SL varies from zero to 1, the
latter being the critical state level. In overconsolidated soils,
because of the peak strength behaviour, the stress level may be
higher than 1.
Fig. 7. Principal effective stresses at the end of consolidation.
Fig. 8. Tension in the geosynthetics at the end of consolidation.
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Zones of the critical state in the soft soil beneath the
embankment base are identiﬁed at the early stages of the
embankment construction; these critical state areas enlarge
with the distance from the symmetry plane (left boundary),
which is directly related to the shear stress whose magnitude
also increases with that distance. This effect signiﬁcantly
increases with the loading process.After the construction period (Fig. 10), the stress level
signiﬁcantly decreases with the consolidation process, since
the mean effective stress in the soft soil increases as the excess
pore pressure dissipates. However, within the embankment ﬁll,
the effect is contrary, i.e., the stress level increases due to shear
stress that occurs with consolidation, associated with the arching
mechanism that bridges over the soft soil between columns.
Fig. 11 depicts settlements at the LTP base at several stages
during and after the construction period. As expected, these
results show that settlements are much higher on the soft soil
than on the columns. The maximum settlement at the end of
consolidation occurs between columns 4 and 5 (14.35 m from
the symmetry plane) and takes the value of 9.69 cm. On the
other hand, the maximum settlement on the columns occurs at
column 4 and takes the value of 1.60 cm. It should be noted
that column 5 practically does not settle either during or after
the construction period, which is logically determined by its
location near the embankment toe. This determines, therefore,
that a very low load is applied on the top.
Diagrams of the settlement on the top of the LTP (base of
the mat-slab) are depicted in Fig. 12. These diagrams show that
the settlements on the base of the mat-slab are practically
uniform at all stages, unlike what happens at the LTP base, as
shown in Fig. 11. This is a very important conclusion in terms
of the suitability of this foundation system regarding the effects
on the superstructure constructed on top of the LTP.
Fig. 9. Stress level during the construction period: (a) 0.5 weeks, (b) 2.5 weeks (end of LTP construction) and (c) 6 months plus 3.5 weeks (mat-slab construction
and load of 20 kPa applied). (For interpretation of the references to colour in this ﬁgure, the reader is referred to the web version of this article.)
Fig. 10. Stress level at several stages during the post-construction period: (a) 8 months, (b) 1 year and (c) 2 years. (For interpretation of the references to colour in
this ﬁgure, the reader is referred to the web version of this article.)
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effect) that takes place within the reinforced granular platform,
as described above.In order to evaluate the overall efﬁciency of this foundation
system (reinforcement with jet-grout columns and a multilayer
geosynthetic platform), another coefﬁcient is deﬁned corresponding
Fig. 11. Settlement at the LTP base: (a) during mat-slab construction and
period of the 20 kPa load application and (b) after construction.
Fig. 12. Settlement on the top of the LTP (base of the mat-slab) at several
stages.
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total load applied on the top surface of the soft soil and columns
(base of LTP). This coefﬁcient, which takes into account all the
mechanisms of the load transfer to the columns that take place in
this kind of work, is deﬁned as follows:
f ¼ Qc
Qt
ð4Þwhere Qc is the load supported by all the columns and Qt is the
total load applied on the top surface of the soft soil and columns
(base of the LTP). The value of Qc is obtained by
Qc ¼
X
Qci ð5Þ
where Qci is the load supported by the i-column (in this case, i¼1,
2, 3, 4 and 5). The value of Qci is obtained from the calculation of
the average settlement on the top of the i-column, ΔL. Knowing
ΔL, Qci is then obtained by successively applying the following
equations:
εmðcolumnÞ ¼
ΔL
L
ð6Þ
sðcolumnÞ ¼ EUεmðcolumnÞ ð7Þ
Qc ¼ sðcolumnÞ UAðcolumnÞ ð8Þ
where εm(column) is the average axial strain of the column, L is the
vertical length of the column, s(column) is the average increment in
axial stress, E is the elastic modulus of the column and A(column) is
the area of the column.
Qt is given, after the end of the construction, by the
following equation, for 1 m of longitudinal length:
Qt ¼ γf
lbaseþ ltop
2
Hþγcltophþqltop ð9Þ
where γf is the unit weight of the embankment ﬁll (LTP), H is
the height of the LTP, lbase is the width of the LTP base, ltop is
the width of the top surface of the LTP, γc is the unit weight of
the mat-slab, h is the thickness of the mat-slab and q is the
distributed load applied on the top of the mat-slab correspond-
ing to the superstructure construction (20 kPa in the present
study).
The evolution of this parameter, f (overall efﬁciency
coefﬁcient), during and after the construction period, is
depicted in Fig. 13. The results show that f increases both
during and after the construction period. At the end of
construction (6 months plus 3.5 weeks), 39.9% of the total
applied load is supported by the columns. With consolidation,
the load transfer to the columns continues and, at the end of
consolidation, f reaches 0.904, a very high value relatively
close to the maximum theoretical value of 1. This fact clearly
illustrates how very high the efﬁciency of this reinforcement
technique is in terms of load transfer.4. Parametric analysis
4.1. Preamble
In this section, a parametric analysis is presented in order to
evaluate the inﬂuence of four factors on the behaviour of the
problem analysed in the previous section (baseline case),
namely, the column-spacing pattern (secant or spaced columns
in the longitudinal direction), the number of geosynthetic
layers, the elastic modulus of the jet-grout columns and the
tensile stiffness of the geosynthetics.
J.L. Borges, M.S. Gonçalves / Soils and Foundations 56 (2016) 57–72664.2. Inﬂuence of the column spacing pattern
In order to analyse the inﬂuence of this factor, two cases
are compared, A0 and A1. Case A0 is the problem given in
the previous section, while case A1 corresponds to a similar
problem, but with a different longitudinal pattern for the
columns. Secant columns are considered in case A0, while
4.1-m-spaced columns are modelled in case A1, as illustratedFig. 13. Overall efﬁciency coefﬁcient: (a) during the construction period and
(b) during and after the construction period.
Fig. 14. Schematic representation oin Fig. 14. All other parameters of the problem are kept
constant.
Since a plane strain analysis is modelled in both cases, in
case A1, an equivalent elastic modulus for the column walls,
Eeq, was determined based on the average area of that
parameter from the jet-grout columns and the soft soil, as
follows (Han et al., 2007):
Eeq ¼ Ec UasþEs Uð1asÞ ð10Þ
where Eeq, Ec and Es are the equivalent modulus and the
moduli of the column and the soft soil, respectively, and as is
the improvement ratio by the jet-grout columns within the row
of individual columns.
Fig. 15 illustrates the inﬂuence of the column spacing
pattern on the settlement at the LTP base, at the end of
construction (6 months plus 3.5 weeks) and at the end of
consolidation. It should be noted that, for case A1, the
settlement at the top of the columns corresponds to an average
settlement of the respective soft soil-column row in the
longitudinal direction, since a plane strain analysis is per-
formed, as mentioned above. As expected, the settlement isf: (a) case A0 and (b) case A1.
Fig. 15. Inﬂuence of the column spacing pattern on the settlement at the LTP
base, at the end of construction (6 months plus 3.5 weeks) and at the end of
consolidation.
Table 3
Geosynthethic layers.
Case Number of layers Distance of layers from LTP base (m)
G0 5 0, 0.30, 0.60, 0.9, 1.2
G4 3 0, 0.30, 0.60
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column rows.
The inﬂuence of the column spacing pattern on the settle-
ment of the top surface of the LTP (mat-slab base) is depicted
in Fig. 16. This ﬁgure shows that the settlement is practically
uniform in both cases, which reinforces the conclusion of an
adequate efﬁciency of this foundation system regarding the
minimisation of differential settlements on the LTP top, even
when a spaced column pattern is undertaken in both directions.
Quantitatively, as expected, Fig. 16 also shows that this
settlement is larger in case A1.
Fig. 17 illustrates the inﬂuence of the column spacing
pattern on the overall efﬁciency coefﬁcient, f, at the end of
construction (6 months plus 3.5 weeks) and at the end of
consolidation. Both at the end of construction and at the end of
consolidation, the overall efﬁciency coefﬁcient is higher for
case A0, which is justiﬁed by its larger area of column
reinforcement. However, considering that the ratio of the
global area of the columns of case A1 to case A0 is about
1/4, the value for f at the end of consolidation in case A1
(f¼0.82) only decreases by about 9% from the value for f in
case A0 (f¼0.90). This indicates that reinforcing with spaced
columns in both directions may be, in many practical situa-
tions, a good solution in terms of economy and structural
performance.Fig. 16. Inﬂuence of the column spacing pattern on the settlement of the top
surface of the LTP (mat-slab base), at the end of construction (6 months plus
3.5 weeks) and at the end of consolidation.
Fig. 17. Inﬂuence of the column spacing pattern on the overall efﬁciency
coefﬁcient, at the end of construction and at end of consolidation.4.3. Inﬂuence of the number of geosynthetic layers
In order to evaluate the inﬂuence of this parameter, four
cases are compared where the number of geosynthetic layers
varies from zero to ﬁve, as indicated in Table 3. All other
parameters are kept constant. G0 corresponds to the baseline
case analysed in Section 3.
Fig. 18 illustrates the inﬂuence of the number of geosyn-
thetics on the settlement at the LTP base, at the end of
construction (6 months plus 3.5 weeks) and at the end of
consolidation. As shown by Borges (1995), by reducing the
shear strain, the geosynthetic reinforcement in the embank-
ments on soft soils determines not only the reduction in
horizontal displacements, but also the reduction in settlements.
Therefore, as expected, Fig. 18 shows that the greater the
number of geosynthetic layers, the lower the settlements at the
LTP base, mainly at larger distances from the symmetry plane
(zones near the embankment toe) where larger shear strainG5 1 0
G6 0 –
Fig. 18. Inﬂuence of the number of geosynthetic layers on settlement at the
LTP base: (a) end of construction (6 months plus 3.5 weeks) and (b) end of
consolidation.
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signiﬁcant. At the end of consolidation, the maximum settle-
ment, which occurs between columns 4 and 5, is 9.7 cm in
case G0 (case with ﬁve geosynthetic layers), while it reaches
19.7 cm in case G6 (zero geosynthetic layers), which corre-
sponds to a very large difference. However, when only one
geosynthetic layer is used (case G5), the maximum settlement
(12.3 cm) also signiﬁcantly decreases in relation to the case
without any geosynthetic layers. This shows that even one
geosynthetic layer has a major inﬂuence on the settlements at
the LTP base when compared to the solution for no geosyn-
thetic layers.
This conclusion can also be stated, even with greater
practical signiﬁcance, for the settlement on the top surface of
the LTP (mat-slab base), as shown in Fig. 19. This ﬁgure
illustrates that, as expected, in spite of the settlement increas-
ing with the reduction in the number of geosynthetic layers, it
remains approximately uniform even when only one geosyn-
thetic layer is considered. However, this does not occur in theFig. 20. Coloured maps of stress level at the end of construction: (a) case G0 and (b)
reader is referred to the web version of this article.)
Fig. 19. Inﬂuence of the number of geosynthetic layers on the settlement of the
top surface of the LTP (mat-slab base) at the end of construction and at the end
of consolidation.case without any geosynthetic layers (case G6), where
signiﬁcant differential settlements are observed both at the
end of construction and at the end of consolidation. This is, in
fact, a very important conclusion in practical terms.
Fig. 20 depicts coloured maps of the stress level at the end
of construction for cases G0 and G6. This ﬁgure illustrates that
a larger area of soil in the critical state occurs in the case
without any geosynthetic layers (case G6), which is explained
by the larger shear stress that takes place (and, therefore, larger
shear strain, as mentioned above), resulting from the lack of
geosynthetic reinforcement.
However, regarding the results for the overall efﬁciency
coefﬁcient, f, Fig. 21 shows that the number of geosynthetic
layers does not signiﬁcantly inﬂuence the load transfer to the
columns, since f does not signiﬁcantly vary with this parameter
(mainly at the end of consolidation for the cases with one or
more geosynthetic layers). This fact corroborates that the
differences in the settlements illustrated above are essentially
related to the variation in horizontal conﬁnement (and therefore,case G6. (For interpretation of the references to colour in this ﬁgure legend, the
Fig. 21. Inﬂuence of the number of geosynthetic layers on the overall
efﬁciency coefﬁcient at the end of construction and at the end of consolidation.
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the analysed cases. The better the horizontal conﬁnement (as in
case G0), the lower the settlements, although the loads
supported by the columns are approximately the same, as
deduced from Fig. 21.4.4. Inﬂuence of the elastic modulus of the column
In order to evaluate the inﬂuence of this parameter, three
values for the elastic modulus of the column are considered
(Table 4): 150 MPa, 1500 MPa and 15000 MPa. It should be
noted that this range in values also includes values for the
elastic modulus much higher than those of the jet-grout
reported in the bibliography. As mentioned in Section 1,
different column materials can be used in column-supported
constructions. Therefore, it was considered pertinent to include
in this study a large range in values, higher ones having a
magnitude similar to those of concrete columns. 4.1-m-spaced
columns in both transversal and longitudinal directions are
considered in the three cases of this section; all others
parameters are equal to those of the baseline case analysed
in Section 3.
Fig. 22 shows the inﬂuence of the elastic modulus of
column (E) on the settlement at the LTP base at the end of
construction (6 months plus 3.5 weeks) and at the end of
consolidation. As expected, the settlement decreases with E;
however, the decrease is more signiﬁcant when E changes
from 150 kPa to 1500 kPa than from 1500 kPa to 15000 kPa.
This shows that the inﬂuence of E is more signiﬁcant for
materials with low values for the elastic modulus of theTable 4
Elastic modulus of column E.
Case E (MPa)
E1 150
E2 1500
E3 15000
Fig. 22. Inﬂuence of the elastic modulus of the column on the settlement at the
LTP base at the end of construction (6 months plus 3.5 weeks) and at the end
of consolidation.column (like the jet-grout) than for materials with high values
(like the concrete). This conclusion is also corroborated by the
results of Figs. 23 and 24.
Fig. 23 shows the settlement of the top surface of the LTP
(mat-slab base), which is very similar for cases E2 and E3
(corroborating, as mentioned above, that the inﬂuence of the
elastic modulus of the column is less signiﬁcant for high
values of E) and practically uniform in all depicted cases. This
illustrates, again, the good efﬁciency of the column reinforce-
ment technique in terms of minimising the differential settle-
ments on top of the LTP.
Fig. 24 illustrates the inﬂuence of the elastic modulus of
column (E) on the overall efﬁciency coefﬁcient (f) at the end of
construction (6 months plus 3.5 weeks) and at the end of
consolidation. These results show that f increases with E, as
expected and, as with the settlements, the variation is more
signiﬁcant when E changes from 150 kPa to 1500 kPa than
when it changes from 1500 kPa to 15000 kPa.
Complementing these results, Fig. 25 illustrates the inﬂu-
ence of the elastic modulus of the column on the stress level in
the soil at the end of construction. This ﬁgure shows that the
area of soft soil in the critical state is much larger in case E1
than in cases E2 and E3, pointing out that lower shear stress is
transferred to the soft soil in these two last cases.Fig. 23. Inﬂuence of the elastic modulus of the column on the settlement of the
top surface of the LTP (mat-slab base) at the end of construction and at the end
of consolidation.
Fig. 24. Inﬂuence of the elastic modulus of the column on the overall
efﬁciency coefﬁcient at the end of construction and at the end of consolidation.
Table 5
Tensile stiffness of geosynthetic.
Case Tensile stiffness of
geosynthetic (kN/m)
J1 6000
J7 3000
J8 1000
Fig. 26. Inﬂuence of tensile stiffness of the geosynthetic on settlement at the
LTP base at the end of construction (6 months plus 3.5 weeks) and at the end
of consolidation.
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In order to evaluate the inﬂuence of this parameter, three
values for the tensile stiffness of the geosynthetics are
considered (Table 5): 6000 kN/m, 3000 kN/m and 1000 kN/
m. 4.1-m-spaced columns, in both transversal and longitudinal
directions, are considered in the three cases of this section; all
other parameters are equal to those of the baseline case
analysed in Section 3.
Figs. 26 and 27 show the inﬂuence of the tensile stiffness of
the geosynthetic on the settlement at the LTP base and on the
top of the LTP (mat-slab base), respectively, at the end of
construction (6 months plus 3.5 weeks) and at the end of
consolidation. These results illustrate that settlements decrease
with the tensile stiffness of the geosynthetic, although not
signiﬁcantly (mainly from case J7 to case J1). On the surface
of the soft soil (LTP base), the differences in settlement are
more signiﬁcant between the columns that are at larger
distances from the symmetry plane, where larger shear strain
occurs, and therefore, the effect of reinforcing with higher
tensile stiffness is more signiﬁcant. This effect is similar to that
analysed in Section 4.3 for the increase in the number of
geosynthetic layers.
On the top surface of LTP (Fig. 27), the settlement is
approximately uniform for the three cases, i.e., the slope of the
settlement curve remains very low even when the tensile
stiffness of the geosynthetic takes the lower value (case J8),
which is an important conclusion in practical terms.
In order to observe how the tensile stiffness inﬂuences the
tension of the geosynthetic, Fig. 28 depicts the results for theFig. 25. Coloured maps of stress level at the end of construction: (a) case E1, (b)
ﬁgure legend, the reader is referred to the web version of this article.)geosynthetic of the ﬁrst layer (at LTP base) at the end of
consolidation. As expected, Fig. 28 shows that tension
increases with the tensile stiffness, which corresponds to a
better effect of geosynthetic reinforcement. This increase incase E2 and (c) case E3. (For interpretation of the references to colour in this
((
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Fig. 27. Inﬂuence of tensile stiffness of the geosynthetic on the settlement of
the top surface of the LTP (mat-slab base) at the end of construction (6 months
plus 3.5 weeks) and at the end of consolidation.
Fig. 28. Inﬂuence of tensile stiffness of the geosynthetic on tension of the
geosynthetic of the ﬁrst layer (at LTP base) at the end of consolidation.
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settlement. The same effect (increase in tension) was also
observed in all ﬁve layers of geosynthetics (ﬁgures for the
other four geosynthetic layers are not depicted since the effect
is similar to that of the ﬁrst layer).
5. Conclusions
This study was conducted to analyse the geotechnical
behaviour of a jet-grout column-reinforced soft soil foundation
with a load transfer platform incorporating ﬁve geosynthetic
layers, on which a concrete mat-slab was modelled as the
foundation of a low building. In addition, a parametric study
was also performed in order to evaluate the inﬂuence of four
factors: the column spacing pattern (secant or spaced columns
in the longitudinal direction), the number of geosynthetic
layers, the elastic modulus of the column and the tensile
stiffness of the geosynthetic. Several overall conclusions can
be pointed out:
1) The geosynthetic at the base of the LTP works contrarily to
those of the upper layers; zones of higher and lowertensions invert, which is in consonance with the behaviour
of the LTP as a beam.
2) Zones of critical state in the soft soil enlarge with the
loading process and the distance from the symmetry plane;
this effect is directly related to the generation of shear stress
in those zones.
3) After the construction, in response to the consolidation, the
stress level in the soft soil signiﬁcantly decreases, while
within the geosynthetic-reinforced platform, the effect is
contrary.
4) Settlements on the top surface of the LTP are practically
uniform at all stages, unlike what happens at the LTP base.
This is a very important conclusion in terms of the effect on
the superstructure of a building and is globally explained by
the load transfer (arching effect) that takes place within the
multilayer geosynthetic-reinforced platform.
5) At the end of consolidation, the overall efﬁciency coefﬁ-
cient reaches very high values in all cases analysed, which
illustrates the very high efﬁciency of this technique in terms
of load transfer to the columns.
6) Regarding the inﬂuence of the column-spacing pattern, the
results show that settlement on the top surface of the LTP is
practically uniform in both cases analysed, i.e., when secant
or spaced columns are used in the longitudinal direction.
7) The greater the number of geosynthetic layers of the LPT,
the lower the settlement, both at the base and the top of the
LTP. The last one remains approximately uniform even
when only one geosynthetic layer is considered.
8) Settlements decline with the elastic modulus of the column
as well as with the tensile stiffness of the geosynthetic,
although more signiﬁcantly with the ﬁrst parameter than
with the second.References
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